With targets aligned in the midsagittal plane, six of seven subjects tested were often able to make smooth symmetrical convergence movements in which no detectable saccade occurred during the initial 300 msec of the eye movement (12-95% of their trials). With targets located in a plane parallel to, but appreciably to one side of the midsagittal plane, those same six subjects were also often able to make smooth, slow, "saccade-free" asymmetn"calconvergence movements that were appropriate in magnitude and velocity to the target location (ratio of excursions about 2 to 1). Vergence movements are thus more versatile than can be accounted for by a single generator of binocularly symmetrical input to the eye muscles (Hering's Law of Equal Innervation). The occurrence of %accade-free" asymmetrical convergence suggests instead that during binocular viewing, each eye can respond independently to that eye's view of the target, resulting in binocularly simultaneous slow-velocity nasalward eye movements-which will represent symmetrical or asymmetrical convergence depending on the arrangement of the targets. A similar interpretation is also apparently demanded by recent data on the initiation of disjunctive smoothpursuit movements in the monkey [King& Zhou (1995) VisiorIResearch, 35, 338%3400].
INTRODUCTION
It is a simple matter for an experimentalist to arrange targets on an iso-vergence surface, so that a change in fixation is expected to involve conjugate saccades: rapid, fully equal rotations of the two eyes in the same direction; and it is nearly as easy to arrange targets along an appropriate line in the mid-sagittal plane such that one expects symmetrical vergence movements: both eyes rotating slowly in opposite directions (i.e. nasally or temporally) by identical amounts. In the natural world, however, pairs of objects of interest will almost never occupy such special locations; and nearly all normal shifts of fixation involve a composite situation, in which the new target is located both in a different direction and at a different distance from the observer.
Such target configurations ordinarily result in eye movements with a saccade at or very near the onset of movement; and those saccades have unequal excursions in the two eyes-often strikingly unequal. Following the saccade, the final refixation is then achieved by supplementary, slow-velocity vergence movement (which may also be quite unequal in the two eyes) and/ or additional, unbalanced saccades. These empirical findings have been extensively replicated (Ono et al., 1978; Enright, 1984a Enright, , 1986 Enright, , 1992 Enright, , 1994 1989; Zee et al., 1992; Maxwell & King, 1992; Collewijn et al., 1994) , but the physiological mechanisms underlying such composite eye movements are by no means well understood.
According to the classical view of oculomotor behavior, two independent systems exist: a (highvelocity) saccade system, which, by itself, produces fully balanced conjugate saccades in the two eyes (such as arise with targets on an iso-vergence surface); and a fully separate (slow-velocity) vergence-movement system, which produces completely symmetrical disconjugate movements. While the composite responses described above have sometimes been referred to as "asymmetrical vergence" (e.g. Alpern, 1969; One, 1980; Carpenter, 1977 Carpenter, , 1988 , there is usually no implication that the vergence system itself produces an asymmetrical response. Instead the eye movements evoked by targets located in different directions at different distances have been interpreted as representing the sum of (binocularly balanced) outputs of the vergence and the saccadic systems [an "additivity hypothesis"; e.g. Yarbus 1957 Yarbus , 1967 Carpenter 1977 Carpenter , 1988 . It is, of course, a tautology that any finally achieved, steady-state reorientation of the eyes in a horizontal plane can be described as the sum of a fully conjugate (versional) component and a symmetrical disconjugate one (vergence); Hering's law of equal innervation, as initially formulated (Hering, 1868) , is based upon this inescapable geometric relationship (One, 1980). It is now well recognized, however, that the dynamics of the observed movements violate the assumption of additive superposition (Ono et al., 1978; Enright, 1984a Enright, , 1986 Enright, , 1992 Enright, , 1994 Erkelens et al., 1989; Zee et al., 1992; Collewijn et al., 1994) . The velocity of the disconjugate component during the saccades (which arises from the inequality in saccadic excursions of the two eyes) is usually considerably faster than would be expected if pure vergence movement were to be additively superimposed on a conjugate saccade; there is an intra-saccadic pulse of vergence change. Because of this failure of the additivity hypothesis, two fundamentally different alternative hypotheses have been proposed to account for vergence-related saccades of unequal excursion. The first, the "interaction hypothesis", proposes that the output of a conjugate-saccade system interacts in a non-linear fashion with the output of a fully symmetrical, slow-velocity vergence system, thus facilitating rapid saccade-like vergence changes (Ono et al., 1978; One, 1983; Zee et al., 1992; Collewijn et al., 1994) . The second, the "Ditchburn hypothesis"", proposes that the saccade system is not-as has so long *While Ditchburn (1973) gave a particularly clear statement of this hypothesis, the essence of the notion was proposed considerably earlier by Krauskopf et al. (1960) , in connection with the microsaccades during steady fixation: "Maintenance of binocular fusion appears to be dependent on the saccadic responses of the two eyes to their own fixation errors". been assumed-fundamentally conjugate; instead, when targets so demand, it can generate strongly unbalanced saccades, each eye's movement being related to its own view of the targets, without any necessity for intervention of a separate, slow-velocity vergence system (Ditchburn, 1973; Enright, 1984a Enright, , 1992 Enright, , 1994 Erkelens et al., 1989) . The first of these proposals, the interaction hypothesis, represents a relatively minor modification of the original additivity hypothesis. It is particularly attractive because the classical dichotomy between oculomotor centers responsible for binocularly equal saccades and for binocularly balanced vergence movements is maintained; the conceptual distinction between "direction" and "distance" remains firmly written into the oculomotor system, and Hering's Law remains largely unscathed, subject only to the proviso that dynamic applications of that law involve non-linearity. The Ditchburn hypothesis is a more radical proposal; it involves abandoning a cherished, long-standing principle.
In this controversy over the interpretation of the composite eye movements that arise for target-pairs in different directions and also at different distances, most attention has been focused on the unbalanced saccades themselves, but the associated post-saccadic eye movements also involve potential complications for traditional views about oculomotor behavior. When the targets are considerably separated from each other in direction, the initial, unbalanced saccades quite commonly produce relatively accurate fixation of the new target by one of the hMLAA! and (E) Targets aIigned before left and right eyes, respectively; (C) "midline" or "symmetrical" targets; (B) and (D) "asymmetrical convergence" targets, on left and right sides, respectively, from the midline, requiring about twice as much rotation by one eye as by the other.
two eyes, meaning that post-saccadic adjustments require a change in vergence achieved almost entirely by movement of only the other eye. Sometimes it is the eye that has made the smaller saccade, which thereafter remains essentially stationary [as in Fig . How can such eye movements be reconciled with the classical principle that vergence movements represent the output of a system that is fundamentally symmetrical? One way of interpreting the post-saccadic movements illustrated in Fig. l(B) [and perhaps also the latter stages of the movement shown in Fig. l(C) and (D)], is that the essentially stationary eye maintains its stable orientation due to intervention of the pursuit-eye-movement system (One, 1980) . According to this hypothesis, the lack of motion by one of the eyes represents monocularly guided pursuit of a well fixated target (with zero net velocity by the aligned eye)--pursuit that is demanded because the postulated binocularly balanced input from the vergence system would otherwise drag that eye away from the target. Unbalanced disjunctive movement of both eyes, which immediately follows a saccade [such as the initial 40-50 msec in Fig. l(D) ], requires a different interpretation; but if one presumes that the preceding unbalanced saccade arises due to "interaction" between the saccadic and the vergence systems, one can propose that differences in the post-saccadic velocities of the two eyes represent an "aftereffect" or carryover of preceding saccadic interaction. And that hypothesis could also be invoked to account for the vergence-movement asymmetry that commonly follows a saccade, even when only modestly asymmetrical convergence is required [Fig. l(E) and (F)]. In other words, these instances of unbalanced slow-velocity vergence movement can, in principle, be accounted for in ways that leave intact the notion that at a fundamental level, vergence movement itself is truly symmetrical. The alternative explanation for results like those in Fig. 1 is, of course, that in such situations, each eye may be responding appropriately (with brief latency) to its own view of the target; and that asymmetrical vergence movement simply represents the net outcome when the two eyes have seen the new target at different eccentricities: a slow-velocity application of Ditchburn's hypothesis for unbalanced saccades.
This report presents data on asymmetrical convergence movements that have resemblances to those of Fig. 1 , but that arise in a simpler context in which neither the pursuit system nor the saccadic system can be readily invoked as an explanation. The rationale underlying the experiments that led to these data derives from elementary geometry. Consider the triangle defined by the two eyes and a given fixated target (Fig. 2) : during a change of fixation between that target and a nearer one that lies anywhere within the triangle, both eyes ultimately must make net rotations in the nasal direction. The dynamics of the resulting refixation processes have been extensively studied for a small subset of target configurations associated with that triangle: There is, however, apparently only one previously published research note (Ono & Tam, 1981) dealing with vergence changes for targets located at various other points within this triangle: cases in which the two eyes are both required to rotate nasally, but by difler-ent amounts. Because of the classical assumption that the slow-velocity vergence system can only produce movements that are, in principle, fully equal in the two eyes, one might expect in such cases that saccades would consistently arise, so as to provide a versional supplement to the slow-velocity symmetrical vergence movement. And in fact, saccades usually do occur when target pairs are aligned with one eye or the other [ Fig. 2 (A) and (E)]. A recording that qualitatively conforms with this expectation is illustrated in Fig. l(C) and (D) . Does this dichotomy between smooth, "saccade-free" vergence movement for midline targets, and clear saccadic involvement for targets off the midline apply to any near target that is even modestly displaced from the midline [ Fig. 2 (B) and 2(D)]? The results here demonstrate that the answer to this question is an emphatic negative, thereby confirming the report of Ono and Tam (1981) .
Other aspects of the present study serve to exclude (or render highly implausible) several conceivable ways of salvaging Hering's law; this set of results therefore apparently demands a fundamental revision in current understanding of vergence movements.
METHODS

Apparatus and its limitations
A two-camera video-recording system was used to monitor eye orientation, with the front-view image of each eye being enlarged by about seven-fold on the video monitor; each subject's head was restrained by a customfitted bite board and a forehead rest. The system, as previously described (Enright, 1984a) , now also includes a frame-counter to identify individual pictures; CCD cameras used with shutter speed of 1/250 or 1/500 sec (Cohu Electronics, Model 4915-2000) ; and a Panasonic Super-VHS recorder (Model AG 1960) . During frameby-frame playback of the recordings, the position of the temporal margin of the limbus of each eye was measured on the video monitor, relative to an electronically superimposed image-splitting line.
Video recording of eye movements suffers from certain important limitations, compared with more elaborate monitoring methods like scleral search coils (Collewijn et al., 1975) : limitations of temporal resolution; of precision; and of accuracy.
1. Temporal resolution: with ordinary video (60 pictures, i.e. 60 fields, per see), the interval between successive estimates of eye position is 16.7 msec, which is too coarse for some purposes.
2. Measurement error: my experience has demonstrated that precision of routine measurements from the video monitor (about seven-fold magnification) is about 0.14 mm (corresponding to about 6 min arc of ocular rotation), which represents the standard deviation of replicated blind readings of typical recordings. 3. Accuracy: single-view monitoring of this sort cannot distinguish between ocular rotation and lateral translation of the eye.
The critical question of concern is whether the method, despite those limitations, is adequate for present purposes, and an answer to that question must be postponed until the relevant data themselves have been illustrated and described. This concern is therefore addressed in detail in the Discussion; anticipating that treatment, it is noted here that the available data do indeed seem to be fully adequate for the central issues of interest here. Targets for all experiments consisted of the colored heads (2 mm dia) of pins, suspended downward from a Plexiglass frame and continuously visible.
Procedures
Following calibration recordings with targets in the frontal plane, each subject was tested with both pinheads carefully aligned in the midsagittal plane for symmetrical convergence; that alignment was achieved by a combination of both subjective and objective adjustments. The nearer pinhead was 2(L22 cm from the nodal point of the eyes, and the farther was usually about 6 cm more distant, requiring change in vergence of some 34 deg. In supplementary experiments with subject EV, the far target was located about 20 cm (rather than 6 cm) farther than the near one, requiring about 9 deg of vergence change. Alternations of fixation from far to near and back again, self-paced with a metronome at 3-to 4-see intervals, were recorded (typically 15-20 repetitions). Then the target board was placed on the left side of the midline [ Fig. 2(B) ], so as to require similar convergence, but with a net nasal rotation by the right eye that was roughly twice that required of the left; and again, 15-20 alternations of fixation between the pinheads were recorded. Additional recordings were made with the target board placed on the right of the midline, such that nasally directed rotation of the left eye would be about twice that of the right [ Fig. 2(D) ]. Finally, the target board was placed so that the pinheads were fully aligned horizontally with one eye, and then with the other eye (the far pinhead being displaced downward by about 0.5 deg so as to be visible to both eyes), for additional recordings [ Fig. 2 (A) and (E)]. The latter records [from a target configuration often studied previously- Alpern & Ellen (1956); Ono et al. (1978) ; Enright (1992) ] are used here mainly for comparisons of the frequency with which saccades occurred. Calibration of eye movements (mm to degrees) was based on geometric relationships during changes of fixation for targets in the frontal plane. "Required" movements of each eye during convergence trials (as illustrated with "+" and "O" symbols in Figs 1 and 3, 5-8) represent average steady-state changes in orientation of each eye during all the trials with that target configuration during that test session.
It has become common research practice in evaluating vergence eye movements to begin by subtracting the horizontal movement of one eye from that of the other. When a saccade occurs, this procedure serves to remove the conjugate component of the saccade from the record, before any further analysis or interpretation of the data. If symmetrical vergence movements and conjugate saccades were to combine in a fully additive manner, this would be an eminently sensible procedure. Since it is now well established, however, that they are not additive (Ono et al., 1978; Enright, 1984a Enright, , 1986 Erkelens et al., 1989; Zee et al., 1992; Collewijn et al., 1994) , such an automatic "correction" for saccades can be expected to confound interpretation of the data, leading to an apparently anomalous brief pulse in the vergence-movement record at the time of the saccade. A similar subtraction of saccades could have been undertaken here, to obtain convergence with saccadic elements eliminated: but that would have been even more inappropriate for the present study. Vergence movements with no evidence of saccades are of interest here, because they avoid the interpretational ambiguities that can arise when slowvelocity asymmetrical disjunctive movement is immediately preceded by an unbalanced saccade-as in Fig. 1 (see Introduction). Therefore, before making detailed measurements from the recordings, all convergent changes of fixation were carefully screened to identify and exclude those cases in which either a blink occurred (rare); or a saccade began at or within 100 msec of onset of the convergent eye movement (very common) or within the next 200 msec thereafter (occasional). Such saccades were nearly always strongly asymmetrical. The "early" and "late" categorization was undertaken to distinguish between saccades that were presumably due only to visual stimuli during the pre-movement fixation (early: O < t<100 msec) and those that may have included influences of visual stimuli seen later, during movement (late: 100 msec < t<300 msec). Partly because of the poor time resolution of video recordings, the criterion for recognizing a saccade in the present experiments could not be reliably based on eye-velocity; furthermore, the essentially continuous transition of eye velocity between saccades and subsequent vergence movements (c~Fig. 1) would present difficulties. Hence, any eye movement in which both eyes rotated in the same direction (but typically by different excursions) is here considered to represent a saccade. In the present context of convergence movements, then, the critical issue is to detect abducting motion by one of the eyes. Particularly with "early" saccades, that abducting motion was often quite small and the resulting displacement was then only recognizable in a single field or two of the recording, as in Fig. l(E); but the simultaneous and considerably larger pulse of adducting movement by the other eye considerably facilitated detection of those saccades. The screening of the recordings to identify and exclude those cases in which saccades occurred was on a 60-Hz basis (16.7 msec between video pictures), and was sufficiently rigorous that the data and examples presented here are very unlikely to have involved an undetected (abducting) saccade with excursion larger than about IG 12 min arc in the abducting eye. It is worth re-emphasizing: when plots of eye position are shown here as without saccades, this is not an artificial result of having subtracted saccadic components, but is instead a true representation of the uncorrected measurements. Nevertheless, as with any recording method, there remains the possibility that saccades below detection threshold occurred. Hence, the adjective, "saccade-free", will be used with quotation marks to acknowledge that microsaccades cannot be excluded, although subsidiary evidence against larger microsaccades is also available (see Discussion).
Following preliminary screening, the "saccade-free" convergent changes of fixation were analyzed in detail, with measurements starting 100 msec before the onset of detectable eye movement; pre-movement values are plotted in the recordings to demonstrate steady binocular fixation immediately before movement. Following movement onset, eye position was measured in every other
FIGURE 4. Relative frequencies of "early" saccades with aligned target configuration [ Fig. 2 (A) and (E)], as function of whether alignment was before subject"s dominant or non-dominant eye. "Large" early saccades (>1 deg) indicated by solid sectors; "small" early saccades (<1 deg) indicated by cross-hatched sectors; "latesaccade ", "blink" and "no-saccade" trials left unshaded. Only subject PE showed preponderance of "no-saccade" trials with targets aligned before dominant eye (c~Fig. 3); 73% of unshaded sector for subject KK (dominant eye) represents "late-saccade" cases. those that occurred between 100 and 300 msec after first eye movement. Enlarged, bold-face numbers under "saccade-free" represent cases from which trials illustrated in Figs 5-8 were selected. tDifficult cases to interpret; these two subjects occasionally complained of diplopia; velocity of vergence change was sometimes exceedingly slow; and steady-state eye orientations often did not correspond to geometric expectations.
video field, i.e. at 33 msec intervals, over the first 300 msec following movement onset. Supplementary measurements of average steady-state changes in vergence showed that the full eye movement demanded by the target was often not completed within that 300 msec; but one eye or the other had commonly achieved its own proper final fixation by 300 msec, meaning that any subsequent asymmetry in the eye movements was of restricted interest because it might in principle be attributed to intervention of the pursuit system [as in Fig. l(B) ].
Subjects
The seven experimental subjects ranged in age from 18 to 33 yr, five males and two females, all of whom gave informed written consent. Two of them (EV and PE) have had extensive prior experience in eye-movement experiments; the other five were participating for the first time in research of this sort. In preliminary examination, all subjects showed apparently normal oculomotor capabilities: normal-appearing saccades; good pursuit in all quadrants; normal appearing disjunctive pursuit. All are emmetropic except PE, who has recently become 0.5-1 D myopic; because the pinheads were within 30 cm of his eyes, he could readily fixate the targets without his spectacles. Ocular dominance was assessed by the familiar pointing test: during binocular viewing, the subject pointed with an index finger at a distant target, and then, by covering first one eye and then the other, determined which eye was responsible for the alignment in the binocular case. This was an easy distinction for all these subjects.
RESULTS
"Saccade-free" convergence with midline targets
Convergence movements that were screened for "saccade-free", blink-free recordings, when the targets were on the midline and required symmetrical changes of vergence {Fig. 2(C)], are categorized in Table l(A). This target configuration would, according to classical theory, involve no net stimuli for saccadic movement, but previous research (Ono & Tam, 1981; Erkelens et al., 1989; Kenyon et al., 1978) has shown that saccades are by no means uncommon with midline targets. The observations here [Table l(A)] indicate extensive interindividual variability, ranging from Subject EV, with "saccade-free" convergence movements in 73-9570 of his trials, to Subject KK, with no instance of "saccadefree" (and blink-free) convergence in 21 trials. The early saccades of Table l(A) (which were presumably based on pre-movement visual stimuli) are subdivided in Table  l abducting movement was consistently smaller than its partner's simultaneous abduction.) It is evident in Table  l (B) that it was nearly always the non-dominant eye that made the (inappropriate) temporalward movement during the saccade.
Asymmetrical convergence with targets aligned before one eye
Data on convergence movements, when targets were aligned with the visual axis of one eye or the other [ Fig.  2(A) or (E)] are summarized in Table 2 , where the observations have been segregated on the basis of whether the alignment was with the subject's dominant or non-dominant eye. Classical theory predicts that saccades would consistently arise with this kind of target configuration; and previously published results [e.g. Enright (1992) ] indicate that such saccades typically coincide with the onset of the composite eye-movement response ("Early" in Table 2 ). In general, the observations here conform with those expectations-with the conspicuous exception of subject PE, when targets were aligned in front of his dominant eye. In 65'ZO of those trials, the recordings from his dominant eye showed no hint of either saccadic or sustained slow-velocity movement with excursion greater than measurement error, while the non-aligned eye made the full required convergence movement (example shown in Fig. 3 ). On the other hand, when the targets were aligned before his non-dominant eye, this same subject made a large onsetof-movement saccade in all 17 trials. Two other subjects (RM and KK) also made "saccade-free" convergence responses in 2090 of their aligned-target trials, but also only when the targets were aligned with the dominant eye.
As can be noted in Table 2 (and as is emphasized in Fig. 4 ), large saccades (movement by the aligned eye >1 deg) were considerably less common when the targets were presented before the dominant eye, except in the case of Subject EV, who showed no dominancedependent difference.
"Saccade-free" asymmetrical convergence with targets displacedfiom the midline
The convergence movements that were screened for 'Csaccade-free", blink-free recordings, when the targets were displaced from the midline and demanded greater adductive movement by one eye than by the other [ Fig.  2(B) and (D) ], are summarized in Table 3 . As in Table 2 , the observations have been segregated on the basis of whether the targets were positioned to favor the dominant eye (i.e. required that eye to move by a lesser amount) or to favor the non-dominant eye.
Examples of the recordings from Subject EV, with the target configurations shown in Fig, 2(B-D) , and about -4 deg vergence-change required, are presented in Fig.  5 . In these records, when symmetrical convergence was demanded by the target configuration, both the eyes made a very similar slow, "saccade-free" movement in the nasal direction: the classical pattern of symmetrical convergence. In contrast, when asymmetrical convergence was demanded by the target configuration, with targets located either well to the left or well to the right of the midline, each of the eyes rotated appropriately, with movement that corresponded in magnitude with that demanded by the target-as though each eye were responding independently (but simultaneously) to its own view of the target configuration. When a considerably larger vergence change (ca 9 deg) was demanded by the targets, Subject EV also showed similarly appropriate, "saccade-free", asymmetrical responses (Fig. 6) .
As is evident in Table 3 , Subiect EV was the only one who commonly responded with slow-velocity asymmetrical changes in vergence for targets in sagittal planes located on both sides of the midline. Nevertheless, five of the six other subjects (representing all who could, at least occasionally, produce "saccade-free" symmetrical convergence) were able to achieve clear-cut "saccade-free" asymmetrical convergence for targets on one side of the midline or the other in some 25-56Y0of their tests. For all five of these subjects, those 'Csaccade-free" slow-velocity movements arose almost exclusively when the dominant eye was required to make the smaller movement. However, with targets on the opposite side of the midline, and with the dominant eye therefore required to make the larger movement, saccades occurred in nearly every trial.
Examples of the data for the three left-eye-dominant subjects are presented in Fig. 7 , and for the two right-eyedominant subjects in Fig. 8. [Data for subject KK are not illustrated because of saccades in every trial during the symmetrical convergence tests (Table 1) , and because only two "saccade-free" trials arose during target asymmetry (Table 3) Figs 5 and 6); slow-velocity convergence movements arose that were either symmetrical or asymmetrical, as appropriate for the target configurations. When larger movement was required of a given eye, that eye indeed made the larger, more rapid movement.
Recent research on vergence movements by Semmlow et al. (1993 Semmlow et al. ( , 1994 has led them to the hypothesis that vergence movement consists of two separate phenomena: an "initial" component, which is based on pre-movement visual stimuli and proceeds for 100-150 msec without further guidance, and a "late" component, postulated to involve responses guided by disparity stimuli perceived during the preceding movement. In view of this proposed dichotomy, it is of interest to determine whether the vergence movements described here are asymmetrical at their very outset, or whether the movement perhaps begins symmetrically, during the so-called initial phase of Semmlow et al. (1993) , and becomes asymmetrical later, perhaps as a result of within-movement visual feedback. In many of the recordings illustrated in Figs 5, 7 and 8, that distinction cannot be made with confidence. Some of the results (see, especially, subject BG in Fig. 7 ) appear to be entirely compatible with the interpretation that asymmetry develops predominantly after the first 75-100 msec of the responses. Larger vergence changes, however, represent a more sensitive way of examining this question; and the recordings for subject EV that demanded 9 deg convergence (see Fig. 6 ) indicate that the asymmetry was usually present near the very onset of movement. The differences between the adductive movements of the two eyes for "saccade-free" recordings from all 9 deg-convergence trials (including those in Fig. 6 ) are summarized in Fig. 9 . It is evident there that within no more than 67 msec of movement onset [33 msec with the target arrangement of Fig. 2(B) ], there were directionally appropriate (and statistically significant) differences between the excursions of the two eyes. Since this asymmetry was detectable so soon after onset of movement, it is very unlikely that it constituted a response to within-movement visual stimuli. It is conceivable that visual feedback during movement could have contributed to some aspects of the later measurements illustrated in Figs 5-8, but the analysis of Fig. 9 demonstrates that this was not essential for generation of the appropriate asymmetry.
The overall frequency of "saccade-free" convergence
The data in Tables 1-3 are summarized in Fig. 10 , in terms of the percent of the trials in which smooth convergence, without detectable saccades (or blinks) occurred. The results of the seven subjects can conveniently be divided into three categories: subject EV'S performances were roughly symmetrical around the midline, but with modest bias toward more "saccadefree" performances on the dominant-eye side of the midline. For four of the six other subjects [RM, JH, BG and SM, in Fig. 1O(A) ],the probability of "saccade-free" performance apparently peaks at a location someplace between the midline and alignment with the dominant eye. The other two subjects [PE and KK in Fig. 1O(B) ] show a monotonic increase in probability from midline to alignment with the dominant eye. There is a complementary relationship between the dominant-eye/nondominant-eye asymmetry in Fig. 10 and the trends that were evident in Fig. 4 , where it is evident that large early saccades were considerably more common when targets were aligned with the non-dominant eye (corresponding to the left side of Fig. 10 ) than with the dominant eye (right side of Fig. 10 ). The results with midline targets involve still another related reflection of the dominant/ non-dominant-eye influence; as indicated in Table l(B) , it was nearly always the non-dominant eye that moved temporally during early saccades.
Symmetrical and asymmetrical divergence
Recordings were also made during divergence eye movements corresponding to all the test sessions of Tables 1-3 ; and preliminary, qualitative examination of some of those results indicates that "saccade-free" asymmetrical divergence movements also sometimes occurred with corresponding targets. Detailed measurements of those divergence movements were not, however, undertaken because of the much greater frequency of saccades during divergence trials: a phenomenon also noted by Ono and Tam (1981) , and by Erkelens etal. (1989) and Collewijn et al. (1994) ,among others. As an extreme example of this, subject EV made a saccadetypically involving large adduction by the non-dominant eye-in every one of the 20 divergence trials with targets symmetrically arranged for 9 deg vergence-change, although 19 of his 20 corresponding convergence trials in that same experimental session were "saccade-free". And in the session with 9 deg asymmetrical changes in vergence, he also made a saccade in all of the 35 divergence trials, with the target configuration of Fig.  2(B) . Even with the target configuration of Fig. 2(D) , he had only two "saccade-free" divergence trials out of 15, compared with 9 out of 15 for convergence. Because saccades were so frequent during divergence trails, and because asymmetrical vergence movements following a saccade can in principle be accounted for as aftereffects of postulated saccade-vergence interactions (Introduction), the divergence recordings cannot contribute appreciably to the issues of interest here. 
DISCUSSION
Limitations of the data
As indicated in the Methods, the video-recording system used in this study has limitations that must be carefully considered before reliance on the observations is justified. The critical issue of interest is whether the eye movements that have been treated above as pure asymmetrical vergence motion could be accounted for by invoking undetected saccades. In other words, can remarkable performances like those in Figs 5-9 be explained as resulting from vergence-saccade interactions?
A first concern is the extent to which precision of measurement limits detection of saccades. As explained in the Methods, screening for saccades was not based on a velocity-of-movement criterion-which would be extremely problematic with video-but instead on the stipulation that during a saccade, both eyes would rotate simultaneously in the same direction (with no demand for similarity of excursion or velocity). Since only convergent eye movements were considered, this criterion involved prescreening of the recordings for adductive movement by either eye. Replicated "blind" readings from typical video recordings have shown that the method used here has a single-measurement precision (standard deviation) of about 6 min arc. Whenever a major acceleration of adduction by one eye was noted, the corresponding record of the other eye was given unusually careful scrutiny for abduction, potentially improving detection. The result was that adductive saccades as small as 6 min arc were sometimes recognized (and were confirmed as such by repeated measurements), but a conservative estimate is that the limit for reliable detection of saccades is on the order of 10-12 min arc, the limit set by measurement imprecision. This threshold approximates the upper limit of the microsaccades that ordinarily occur during steady fixation (Carpenter, 1988) , and there is a real risk that any adducting saccade smaller than that went undetected (but see below). And, of course, any saccade that was so small in excursion that adducting movement of both eyes was uninterrupted would be overlooked because prescreening was based on search for abduction of one of the eyes, The adjective, "saccade-free", has consistently been used only with quotation marks so as to acknowledge these limitations.
A second source of concern about video recording involves the inability of video-or other single-view monitoring systems-to distinguish between true ocular rotation and lateral ocular translation. It is entireIy conceivable that translation may have made a modest contribution to some of the measurements illustrated in Figs 5-9, since such translation has been documented in the case of very large changes in vergence [A Verg. >20 deg: Enright 1980 Enright , 1984b . Any such ocular translation, however, would seem to be irrelevant to the central issues of interest here: a sudden translational movement might well be mistaken for a non-existent rotational microsaccade, but it is by no means evident how such translation could render genuine saccades less visible in the records.
The third limitation of video recording involves temporal resolution, but careful consideration shows that this issue is less problematic than one might suspect. The schematic diagram of Fig. 11 presents a hypothetical extreme example of how one might imagine that an entire sequence of small, short-duration saccades could in principle escape detection, given their proper timing relative to the video pictures. In a case like this, the slower-moving eye would show no abduction at the points of measurement. There are, however, several reasons for considering such a proposal extremely implausible.
The time interval between video pictures used in prescreening for saccades was 16.7 msec, so the implied inter-saccadic intervals of Fig. 11 are many-fold shorter than even the extremely short latencies sometimes reported for "express" saccades [ca 80-100 msec: Fischer & Ramsperger (1984) ]. Furthermore, the implied saccadic durations in Fig. 11 (ca 4 msec) are also manyfold shorter than those typically reported for small saccades [ca 20 msec: Collewijn et al. (1988) ; Carpenter (1988) ]. And even if an unusually brief saccade should occur with proper timing so that it lay entirely between available pictures, one should not necessarily assume that it would go undetected. Suppose that saccades as brief as 10 msec can occur: it becomes imaginable, then, that the small abducting movement of the aligned eye in Fig.  l(E) , for example, was fully completed while the camera shutter was closed, but even if so, the saccade would leave (and has left) its mark in the position trace thereafter.
Furthermore, that same recording suggests a way in which the hypothesis of undetected saccades might be further examined: a subtle clue by which a near-onset abducting microsaccade of subthreshold excursion might be suspected in the present context. In Fig. l(E) , the bulk of the convergence movement by the left eye (which made the small abducting saccade) is delayed by some 50 msec, relative to that of the right eye, because of the intervening saccade and its subsequent "hold". That sort of temporal disparity might, then, serve to indicate unseen saccades of even smaller excursion. A few instances that point in this direction are evident in Figs 5-8 (e.g. first, upper-left plot in Fig. 5 for symmetrical targets), but even this subtle hint, with asynchrony suggesting the possibility of an undetected microsaccade, is absent in most of the records. The schematic diagram of Fig. 11 is therefore also unrealistic, in not allowing for post-saccadic pauses such as those evident in Fig. l(C) and (E), before vergence motion resumes.
These considerations indicate that even a much modified version of Fig. 11 would make extreme demands of the hypothetical unseen saccades. For the cases summarized in Fig. 9 , the asymmetry of convergence movements was clearly evident within 30-60 msec of movement onset. This means that if undetected microsaccades caused asymmetrical convergence, they must have consistently occurred very near onset of movement, and with timing well synchronized with the video pictures; they must have been extraordinarily brief in duration; they must have had a very narrow range of excursions, so that the saccade-induced abducting movement of the slower-moving eye did not exceed the vergence-induced motion by more than detection threshold; and those hypothetical microsaccades must have involved no appreciable post-saccadic pause before movement reversal. These are extreme requirements, and while it remains conceivable that they might occasionally be fulfilled, one must also suppose that they were fulfilled over and over, in order to account for the frequency with which apparently saccade-free performances occurred with proper target alignment.
But all this is peripheral to the truly relevant question: would such microsaccades, if they were to occur and be overlooked, provide a means of salvaging Hering's Law? No matter how unlikely that may seem intuitively, this important issue cannot be entirely dismissed on a priori grounds, and will therefore be discussed below. In summary, then, the limitations of video recording, in terms of precision, accuracy and temporal resolution, do not seem seriously to compromise the data reported here, in terms of the questions of interest, other than that certain kinds of brief microsaccades would potentially go undetected. Whether their omission would have serious implications for vergence-saccade interactions will require further consideration.
Why do vergence-associated saccades arise?
Although there are some recent exceptions, the overwhelming bulk of research on saccadic eye movements has involved either monocular viewing or targets presented on an iso-vergence surface, thereby evading the interesting question of how two inter-ocularly different views of target eccentricity might be integrated or averaged for the production of a saccadic response. This issue arises during binocular viewing whenever a newly selected fixation point is at a different distance from the observer than the old.
The simplest assumption about this integration of binocular differences in target view-and the one that implicitly underlies previously published schematic treatments (Yarbus, 1957; Carpenter, 1977 that when a target is seen at different retinal eccentricities in the two eyes, those two values are arithmetically averaged in order to determine the size of the saccadic movements; and that both eyes respond to that single, averaged value. Empirical data, however, are considerably more complex. They indicate, for example, that target "salience" and voluntary attention play a role in the averaging process (Enright, 1992) . In that study, two targets were aligned on the visual axis of the subject's non-dominant eye: sometimes only a pair of pinheads and sometimes a pair of pinheads embedded in a random-dot pattern. The size of the (seemingly unnecessary) abducting saccade made by the aligned eye during convergence [cj_Fig. l(C)] was considerably reduced when the foveal/ parafoveal image seen by that eye was made more salient. More importantly, instructing the subject to "attend to" the target view seen by one eye or the other led to saccades with excursion strongly biased toward the attended eye's visual stimuli [Enright (1992) Fig. 2 ].
[This instruction did not, in fact, require the subject to distinguish consciously between right-eye and left-eye stimuli-''utrocular discrimination", see Ono and Barbeito (1985)---but required only that attention be focused on seeing either two pinheads completely aligned; or attending to the view in which one pinhead was foveated and the other was quite eccentric.] These results imply that when inter-ocular differences in target eccentricity are present, the programming for saccadic change of fixation is based on weighted averaging of the discordant visual stimuli (Enright, 1992 (Enright, , 1994 ; and that either target salience or voluntary attention can bias that weighting.
Since voluntary attention on the target view impinging on one eye or the other can correspondingly affect saccadic amplitude; and since ocular dominance presumably reflects the perceptual correlate of an involuntary attentional bias, it should come as no surprise that ocular dominance had conspicuous consequences in the experiments described here. For example, with targets aligned before one eye [ Fig. 2(A) and (E) ], the frequency of occurrence of larger saccades was typically much higher when that eye happened to be the non-dominant eye. In other words, ocular dominance produced an effect equivalent to that observed with voluntary attention on that eye's view of the target configuration. Furthermore, the instances of "saccade-free" convergence with both targets aligned before one eye-primarily subject PE (Table 2 )-arose exclusively when alignment was before the dominant eye; and this phenomenon can be readily interpreted as an example of extreme weighting of dominant-eye input during saccade programming.
The data in Table l(A) indicate that saccades occurred in >70'% of the tests involving symmetrical changes in vergence (cross-subject average of 55%). Several previous publications have also noted the rather frequent occurrence of saccades in response to this target arrangement in which no saccade seems to be called for IOno & Tam, 1981; Erkelens et al., 1989; Collewijn et al., 1994; Kenyon et al., 1978 Fig. 3(a)*] . Why, with symmetrically arranged targets, do the two identical and opposing visual stimuli to the saccadic system not fully counterbalance each other in every trial, as simple averaging of visual input would predict? The breakdown of the data in Table l(B) demonstrates that when early saccades arose in these experiments, they nearly always involved temporalward (i.e. directionally inappropriate) movement by the non-dominant eye. That result can be interpreted as indicating that the new target, as seen by the dominant eye, was the more salient for the weightedaveraging process undertaken by the saccadic system, often overwhelming the opposing visual information from its non-dominant partner, and resulting in a saccade in which the non-dominant eye moved temporalward. The inter-trial variability in whether a saccade occurs or not at a time near the onset of symmetrical convergence can then be interpreted as indicating corresponding variations in the weighting given to each eye's view of the target. There may, of course, also be a threshold magnitude of averaged visual stimuli in order to trigger a saccade, meaning that perfect balance would not be essential for "saccade-free" performance.
This sort of interpretation would also suggest that the absence of "saccade-free" symmetrical convergence for subject KK (and its relative rarity for PE) might reflect unusually strong ocular dominance in these subjects, which might then also be reflected in the striking difference in their overall pattern of 'Csaccade-free" responses from that of the other subjects [ Fig. 1O(B) ].
Extending this reasoning to the asymmetrical-convergence data of Table 3 (and Fig. 10 ) suggests a comparable *J. Semmlow(personal communication, June, 1995) reportsfinding that saccadeswere extremelyrare duringthe initialphase(first 100-150msec)ofsymmetrical convergence, whenthetargetswere properlyaligned. It is conceivable thatthedifference betweenthat experience andthe evidence in explanation for the finding that "saccade-free" convergence arose more often when the target was closer to the fovea of the dominant eye. With targets located in a sagittal plane on the dominant-eye side of the midline, the non-dominant eye would view the new target at greater eccentricity than its partner, potentially triggering a saccade toward the dominant-eye side; but if an involuntary attentional bias associated with ocular dominance were to supplement the dominant-eye visual signals as a contributor to the postulated weightedaveraging process, then the dominant eye's input might be enough to counterbalance the opposite but geometrically larger signal from the non-dominant eye and thereby to suppress the otherwise-expected saccade. When, however, targets are in a sagittal plane displaced toward the non-dominant side of the midline, no such counterbalancing would be expected from the input of the non-dominant eye, and thus no suppression of saccades would be expected. Asymmetries in the size of saccades that arise during vergence changes, resembling those summarized in Table  2 and Fig. 4 , for targets fully aligned with one eye or the other, have been previously reported, and were interpreted (Pickwell, 1972 ) not in terms of weighted averaging of visual stimuli but instead in terms of the "cyclopean eye" of Hering (1868): a fictitious binoculus located between the eyes, from which directions in egocentric space are seemingly evaluated. In order to account for the observed saccadic asymmetry, Pickwell (1972) proposed that the imaginary cyclopean eye is not necessarily located midway between the eyes-as Hering and others have assumed-but is instead commonly displaced somewhat toward the dominant eye. (Note that this interpretation involves application to the oculomotor system of a concept originally developed for the perceptual phenomenon of visual direction.) Barbeito et al. (1986) endorsed Pickwell's interpretation for binocular differences in the saccades of asymmetrical convergence, but proposed the additional elaboration that some individuals also have an intrinsic rightward or leftward bias in their saccadic excursions.
In order to examine this interpretation for the dominant/non-dominant eye asymmetries found here, a series of experiments was initiated to evaluate the subjective egocenter involved in perception of the subjective straight-ahead direction (Enright, in preparation) . The observer, with head fixed, was required repeatedly to set an LED target, presented in complete darkness, to a position of apparent straight ahead in the horizontal plane, with the target located at 3 m distance; and then to do that again with the target at 30 cm distance. A line connecting the average perceived straight-ahead locations at 3 m and at 30 cm can be extrapolated to the interocular axis, and that intersection can be taken as the location of the subjective egocenter (cyclopean eye), which, if Pickwell's notion is valid, should be displaced toward the dominant eye.
The most extreme subjects, in the spectrum of saccadic asymmetry in Table 2 , Figs 4 and Fig. 10 , were EV (almost no asymmetry) and PE (very strong dominanteye bias). In terms of perceived straight-ahead, subject EV, in two test series, made settings indicating a subjective ego-center displaced toward the dominant eye by very small amounts (an average of 1.14 mm+ 1.39 mm in 20 tests at each distance)---a result that comports with Pickwell's (1972) hypothesis because EV'S saccadic bias was small. Subject PE, however, in two similar test series, made settings that on average indicate a subjective ego-center displaced 2.57 mm (-l-1.73 mm) toward the mm-dominant eye. That outcome disagrees strikingly with expectations; because of the extreme dominant-eye bias in PE's saccades (Table 2 and Fig. 4) , the "literalized-cyclopean-eye" notion of Pickwell (1972) would predict that his perceptual egocenter would be displaced by some 2G30 mm toward his dominant eye. While this discrepancy between perception and eye movements involves only one subject, the departure from expectations is extreme, suggesting that oculomotor performance is not compatible with the cyclopean-eye concept as Pickwell (1978) and others (Carpenter, 1977 (Carpenter, , 1988 have postulated.
Asymmetrical convergence
General properties. The most significant and unexpected phenomenon involved in the experiments here is that summarized in Table 3 and Figs 5-10: when targets are arranged so that unequal adductive movement by the two eyes is required, "saccade-free" asymmetrical convergence movement commonly occurs. Subject EV made such responses for targets located in sagittal planes on both sides of the midline, with slightly higher frequency on the dominant-eye side; the other five subjects, when they made asymmetrical responses, usually did so only for targets in sagittal planes displaced toward the dominant eye. As is evident in Table 3 , as well as in Fig. 10 , these "saccade-free" asymmetrical movements, for targets in the appropriate plane, occurred with frequency entirely comparable with that for targets located in the mid-sagittal plane: cross-subject average of about 40% of the trials in both cases. On this basis, then, there seems to be nothing special about the vergence movements evoked by targets requiring completely equal adductive movement by the two eyes; symmetrical convergence is apparently only a special case of a more general type of disjunctive response, in which the two eyes make simultaneous adductive movement, each rotating slowly by an amount corresponding to that eye's view of the targets. A very similar conclusion seems to follow also from a recent study (King & Zhou, 1995) of disjunctive pursuit in the monkey: when target movement in depth required asymmetrical changes in vergence, even the very first stages of the saccade-free pursuit movement were found to be asymmetrical as required by the target movement: suggesting, as proposed here, that each eye may well be responding to its own view of the target.
The asymmetrical vergence changes described in the report of Ono and Tam (1981) correspond, at least qualitatively, with the asymmetrical performances illustrated in Figs 5-8; those workers clearly discovered the basic phenomenon of primary interest here. Several differences between their study and this, however, make detailed quantitative comparisons inappropriate. Frequencies of saccades for various target configurations cannot be inter-compared because of differences in the threshold for defining a trial as "saccade-free" [measurement limitation of 10-12 min arc here, vs 45 min arc in their study, meaning, for example, that they would have classified a result like that of Fig. l(E) as "saccadefree"]. In addition, there are differences in the segment of eye-movement recording considered (first 300 msec here, vs onset to full final refixation in their study). Furthermore, the interesting eye-movement record that they selected to illustrate asymmetrical convergence IOno & Tam (1981) Fig. 2] involved extremely unbalanced excursions of the eyes (ratio of about 8:1), but nearly all the asymmetrical movement in that case represented monocular motion after the other eye had fixated its target. If one is strongly wedded to the hypothesis that vergence movements are fundamentally symmetrical, that kind of asymmetry could in principle be explainedas noted by Ono and Tam (1981)-as being due to monocular pursuit, with zero net velocity by the fixating eye, as can also be proposed for the results shown in Figs l(A) and 3 here. The results presented in Figs 5-9 extend the observations of Ono and Tam (1981) by eliminating that potential explanation, as well as the suggestion of carryover effects from preceding saccade-vergence interactions.
Can Hering's Law be rescued?
The kinds of asymmetrical responses documented here seem to represent a clear and decisive violation of Hering's Law of Equal Innervation; but because that principle has for so long been a central element in thinking about the oculomotor system, it is essential to consider carefully the various ways in which that principle might be salvaged. Quite a few possibilities deserve our consideration.
A first important source of concern about generalizations based on the asymmetrical responses of Figs 5-9 is that vergence movements during trials involving saccades have been disregarded. Since so many of the asymmetrical convergence responses, even with optimal target alignment, included saccades, one might wonder whether the "saccade-free" cases should be dismissed as a misleading anomaly. (The same sort of question could, of course, be raised about convergence with symmetrically arranged targets, for which saccades also so frequently arise-but smooth symmetrical convergence movements without saccades are nevertheless used as the classical demonstration of how true symmetrical vergence movements should appear.) In dealing with this kind of concern, one should note that the asymmetrical trials that included saccades (and which have therefore been disregarded) provide no support whatever for the opposite interpretation, that disparity vergence movements are fundamentally symmetrical. Consider, for example, a case of the sort typically excluded [ Fig. l(E) ] because it involves a small saccade shortly after onset of movement (0.25 deg in the abducting eye). As is evident in Fig. l(F) , the post-saccadic movement was quite asymmetrical, and the same applies to the vast majority of the convergence trials in which small saccades occurred. Such cases have been eliminated from detailed consideration here only to avoid interpretational ambiguity: not because asymmetrical vergence movement is absent, but because that kind of asymmetry could in principle be interpreted as an aftereffect or carryover from a postulated non-linear interaction between the preceding saccade and a symmetrical vergence movement. An appreciably less strained interpretation for results like that of Fig. l(E) is that truly asymmetrical convergence movement was involved (of the sort illustrated in Figs 5-9) , which was briefly interrupted by an adventitious, unbalanced saccade. In a similar vein, divergence trials-most of which had saccades-have been disregarded here not because they argue for symmetry of vergence movements, but because the saccades make the observed asymmetries ambiguous. Thus, disregarding trials that included saccades is unlikely to have biased the interpretation.
A second ground for concern about the asymmetrical responses illustrated in Figs 5-8 is that the sets of recordings shown for each subject may not properly represent all "saccade-free" trials (Table 3) . Some of the unillustrated "saccade-free" trials with asymmetrical target configurations were indeed less homogeneous than those cases illustrated. In a fraction of those unillustrated cases, initial asymmetry was greater than was appropriate for the targets, and others were more symmetrical than the illustrated cases, but any result approaching full symmetry over the first 300 msec was exceedingly rare (and was, of course, subsequently corrected during the final refixation). No trials were encountered in which an initial eye-movement asymmetry contradicted that required by the target asymmetry.
As a further indication that this concern is not critical, consider the results illustrated in Fig. 9 . Those data, which represent all 23 "saccade-free" trials of this subject with these target configurations, provide a more complete indication of inter-trial variability than the 12 selected cases presented in Fig. 6 , but the central, significant conclusion remains the same: with asymmetrical target configurations, directionally appropriate asymmetry of the eye movements was evident in all the "saccade-free" trials.
Still another source of concern is that perhaps undetected saccades were present in those asymmetrical-vergence trials that are here treated as having none. This suspicion is somewhat weakened, if not completely assuaged, by noting in Fig. 10 that saccades were in fact detected during symmetrical vergence with a frequency comparable to that during asymmetrical vergence for optimal target configurations. Furthermore, if there were any undetected saccades in the data that led to Figs 5-9, they must have been even smaller than that shown in Fig. l(E); and even in that case, it requires a major stretch of imagination to entertain the notion that so small and brief a saccade could produce such large, long-lasting aftereffects [ Fig. l(F) ].
But what about microsaccades, of the sort suggested by the hypothetical curves of Fig. 11 , which might go undetected with the recording system utilized? Can a hypothesis of that sort be invoked to rescue Hering's Law? As indicated above, Fig. 11 is extremely unrealistic in several ways. As a modified and more realistic proposal, however, it remains possible that isolated, very small and very brief saccades might have gone undetected. If such hypothetical microsaccades are to be invoked as being responsible for the asymmetry of the convergence records of Figs 5-8, they must have occurred very early after movement onset in most of those trials, because of the early onset of asymmetry in the vergence (Fig. 9) . Furthermore, a second undetected saccade within a given test would be unlikely to occur sooner than 150-200 msec thereafter (saccadic latency), meaning that the postulated initial, very small, unseen single saccade must have been responsible for the entire asymmetry of convergence up to, say 200-250 msec after onset of movement. To suggest that such hypothetical, unseen saccades may have commonly occurred, and resulted in such intense interaction with symmetrical vergence as to produce the effects illustrated in Figs 5-9 is indeed a potential way of rescuing Hering's Law; but in my opinion, it would be the equivalent of invoking a special kind of very powerful but usually invisible ghost.
Another conceivable way of saving Hering's Law is the suggestion that the observed vergence asymmetries might result from the superposition of conjugate pursuit eye movements upon symmetrical vergence movements. Current understanding of the pursuit system is that it involves a fast-reacting feedback loop, which serves to minimize retinal displacements of the image of a moving target [usually a foveated target, but see also Steinbach (1976) ]. Possible anomalous involvement of the pursuit system in a case like that illustrated in Fig. l(A) (where non-moving targets were involved) can be rationalized by supposing that the small error signals that ordinarily drive pursuit of a moving target might arise because of a postulated symmetrical vergence input, which attempts to drag the eye away from its fixated target.
In the eye movements summarized in Figs 5-8, however, there is nothing resembling visual pursuit, as the term is usually understood: both eyes were involved in slow-velocity adductive movement toward the new target, and the target's images were moving slowly and steadily across both of the retinas. To insist that the pursuit eye-movement system participated here would be to dilute the concept of visual pursuit to the extent that it loses all usefulness.
Another, related alternative may, however, seem more plausible: perhaps slow-velocity versional movements were superimposed upon symmetrical convergence to produce the observed asymmetries. (Hering himself did not invoke eye velocity, in distinguishing between conjugate and disconjugate movement.) This speculation would, of course, represent the epitome of ad hoc hypotheses, since in the absence of a moving target (to which the pursuit system responds), there is no independent evidence whatever for the existence of a source of visually driven slow-velocity version. Voluntary attempts to move the eyes slowly between a pair of iso-vergence targets consistently result only in a sequence of saccades, with high-velocity steps and intervening fixational pauses; and all reflex changes of fixation between iso-vergence targets are also saccadic, with no hint of an alternative slow-velocity version system to accomplish the same purpose. If one prefers, then, to cling to Hering's Law by postulating the existence of slow-velocity versional movements, superimposed on symmetrical convergence, one must grant that such anomalous, visually driven version arises only during vergence movements; and that it is due to a system whose only apparent function is to convert symmetrical vergence movements into asymmetrical ones (thereby rescuing Hering's Law).
All of these possible ways of salvaging the longstanding assumption that disparity-driven vergence movements are fundamentally symmetrical seem to be fraught with such problems that the simple alternative interpretation is difficult to avoid: it appears very much as though during binocular viewing, each eye can make a convergent, slow-velocity movement in response to its own view of an eccentrically seen target. In other words, convergence movement apparently represents binocularly synchronous adductive movement of magnitude and velocity determined for each eye by its own visual stimuli-as King and Zhou (1995) have concluded about disjunctive pursuit movements.
